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Supernova observation via neutrino-nucleus elastic scattering in the CLEAN detector
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Development of large mass detectors for low-energy neutrinos and dark matter may allow supernova detec-
tion via neutrino-nucleus elastic scattering. An elastic-scattering detector could observe a few, or more, events
per ton for a galactic supernova at 10 kpc (3.131020 m). This large yield, a factor of at least 20 greater than
that for existing light-water detectors, arises because of the very large coherent cross section and the sensitivity
to all flavors of neutrinos and antineutrinos. An elastic scattering detector can provide important information on
the flux and spectrum ofnm and nt from supernovae. We consider many detectors and a range of target
materials from 4He to 208Pb. Monte Carlo simulations of low-energy backgrounds are presented for the
liquid-neon-based Cryogenic Low Energy Astrophysics with Noble gases detector. The simulated background
is much smaller than the expected signal from a galactic supernova.
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I. INTRODUCTION

Rich information on neutrino properties, oscillations, t
supernova mechanism, and very dense matter is contain
the neutrinos from core-collapse supernovae@1#. Existing de-
tectors such as Super-Kamiokande@2# should accurately
measure then̄e component of the supernova signal. How
ever, the very interestingnm , nt , n̄m , and n̄t ~collectively
nx) components may be detected without direct energy in
mation and or in the presence of significant backgrou
from other neutrino induced reactions. Therefore, additio
nx detectors could be very useful.

Perhaps the ‘‘ultimate’’ supernova detector involv
neutrino-nucleus elastic scattering@3,4#. The count rate in
such a detector could be very high because the coherent
tic cross section is large and all six neutrino compone
(ne ,n̄e , and the fournx) contribute to the signal. In particu
lar, the detector is sensitive tonx , which are expected to
have a high energy and large cross section. Elastic scatte
detectors can have yields of a few or morenx eventsper ton
for a supernova at 10 kpc (3.131020 m). This is an increase
by a factor of 20 or more over existing light-water detec
yields of hundreds ofn̄e and tens ofnx eventsper kiloton.

Furthermore, the energy of nuclear recoils provides dir
information on thenx spectrum. Existing detectors measu
nx via neutral-current inelastic reactions on oxygen@5#, deu-
terium @6#, or carbon@7#. Here the observed energy depo
tion does not depend on the neutrino energy as long as
above threshold. Perhaps neutrino-proton elastic scatte
@8# can be detected in KamLAND@7#. This is similar to
neutrino-nucleus elastic scattering but has a smaller c
section.

*Email address: horowitz@iucf.indiana.edu
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Alternatively, it may be possible to detectnx using inelas-
tic excitations of Pb. Proposals include using lead perch
ate, as suggested by Elliott@9#, OMNIS @10# and LAND @11#.
Here some information onnx energies may be obtained b
measuring the ratio of single- to two-neutron knocko
However, the inelastic Pb cross sections are somewhat
certain. In contrast, neutrino-nucleus elastic cross sect
can be calculated accurately with very little theoretical u
certainty.

The nx spectrum depends on how neutrinos thermal
with matter in a supernova, and is somewhat uncertain. K
Raffelt, and Janka have studied the effects of NN brem
strahlung, pair annihilation, and nucleon recoil on thenx
spectrum @12#. These effects can be measured with
elastic-scattering detector.

Obtaining direct information onnx energies may be very
important because the difference in energies fornx compared
to ne or n̄e is the primary lever arm for observing neutrin
oscillations. For example,nx→ne oscillations could lead to
high energyne . However, deducing the oscillation probab
ity may depend crucially on knowing how hot thenx were to
begin with. Neutrino-nucleus elastic scattering itself is ‘‘fl
vor blind.’’ Therefore, the signal should be independent
neutrino oscillations~among active species!. Thus elastic
scattering may provide a baseline with which to characte
the supernova source. Comparing this information to ot
flavor-dependent information and theoretical simulatio
may provide the best evidence of oscillations.

The kinetic energy of the recoiling nuclei is low, typicall
below 100 keV. It is difficult to detect such low-energ
events in the presence of radioactive backgrounds. Furt
more, scintillation signals from the nuclear recoils may
reduced by quenching because of the very high ioniza
density. However, recent progress in designing detectors
low-energy solar neutrinos suggests that detection may
©2003 The American Physical Society05-1
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feasible. In general, backgrounds for solar neutrinos wit
low count-rate signal may be more severe than those f
supernova, where all of the events are concentrated in a
second interval.

Cryogenic Low Energy Astrophysics with Noble gas
~CLEAN! is a proposed detector for low-energy solar neu
nos based on scintillation in an ultrapure cryogenic liqu
@13#. This will detect electrons from neutrino-electron sc
tering at energies comparable to the recoil energy of nu
from supernova neutrinos. In this paper we discuss the ut
of CLEAN for supernovae detection via neutrino-nucle
elastic scattering.

There is considerable interest in the direct detection
weakly interacting massive particles~WIMP!. These are ex-
pected to produce recoiling nuclei with a spectrum somew
similar @14# to that of supernova neutrino-nucleus elas
scattering. Again, backgrounds for WIMP detection may
larger than for supernovae because of the low WIMP co
rates. Present WIMP detectors, for example CDMS@15#,
have small target masses. However, future detectors ma
larger.

It is important to search for neutrinoless double-beta
cay, as this can distinguish Dirac from Majorana neutrin
Existing 76Ge experiments use multikilogram masses@16#.
The next-generation experiments such as Majorana@17# or
Genius@18# may employ up to a ton of Ge. The need f
good energy resolution, to tell neutrinoless from tw
neutrino double-beta decay, often aids in the detection
low-energy recoils. We calculate that the largest double-b
decay experiments may soon be sensitive to galactic su
novae via elastic scattering.

Finally, micropattern gas detectors@19# may have a
threshold low enough to detect nuclear recoils. This m
allow the observation of neutrino-nucleus elastic scatter
using reactor antineutrinos.

Thus the technical requirements for detecting low-ene
solar neutrinos, WIMP, double-beta decay, and superno
via nuclear-elastic scattering may be similar. One detecto
approach for low-threshold, low-background, large m
measurements may have applications in multiple areas
cluding supernova detection via neutrino-nucleus scatter

In Sec. II we fold elastic scattering cross sections with
model supernova neutrino spectrum to produce recoil spe
and yields. We consider a range of noble-gas targets f
4He to 132Xe along with 12C, 28Si, 76Ge, 114Cd, 130Te, and
208Pb. We also discuss extrapolating yields to nearby i
topes. Section III focuses on the liquid-Ne-based CLEA
detector, which appears to be very promising. A Monte Ca
simulation of backgrounds in CLEAN is presented and co
pared to the expected supernova signal. We discuss the
signal-to-background ratio, choice of fiducial volume, a
possible detector thresholds. We conclude in Sec. IV.

II. SUPERNOVA SIGNALS IN VARIOUS DETECTORS

The neutrino-nucleus elastic-scattering cross sec
ds/dV is @20,3#,
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5

G2

4p2k2~11cosu!
Qw

2

4
F~Q2!2, ~1!

for a neutrino of energyk scattering at angleu. The Fermi
constant isG. This coherent cross section depends on
square of the weak chargeQw

Qw5N2~124 sin2QW!Z ~2!

of a nucleus withN neutrons andZ protons. The weak mix-
ing angle is sin2QW'0.231@21#. We assume a spin-zero ta
get. Finally, the ground-state elastic form factorF(Q2) at
momentum transferQ,

Q252k2~12cosu!, ~3!

is

F~Q2!5
1

Qw
E d3r

sin~Qr !

Qr
@rn~r !2~124 sin2QW!rp~r !#.

~4!

Here rn(r ) is the neutron density andrp(r ) is the proton
density. The form factor is normalizedF(Q250)51. We
neglect a small correction from the single-nucleon form fa
tors.

The inclusion ofF(Q2) is crucial for heavier targets
However, we evaluate it at relatively smallQ2 so the exact
form of the densities is not important. The proton density
often well constrained by measured charge densities.
simplicity we use theoretical densities from simp
relativistic-mean-field calculations using the successful N
effective interaction@22#. These calculations assume sphe
cal ground states and do not include pairing corrections.
use of other densities is not expected to change our res
significantly.

We now consider a simple ‘‘standard model’’ for th
supernova-neutrino spectra, see for example@23#. This
model is close to what others have used. A total energy
331053 ergs (1 erg51027 J) is assumed to be radiated
neutrinos from a supernova at a distanced of 10 kpc (3.1
31020 m). For simplicity we use Boltzmann spectra at tem
peratures ofkBT53.5, 5 and 8 MeV for thene , n̄e andnx
components, respectively. HerekB is the Boltzmann con-
stant, which we set to one in the rest of the paper. The us
Fermi Dirac spectra~at zero chemical potential! should give
similar results. However, neutrino-nucleus elastic scatter
is sensitive to the high-energy tails in the spectra. Theref
non-thermal spectra could modify our results somewhat
should be investigated in future work.

We assume equal partition in energy among thene n̄e and
the four nx components. Therefore this standard supern
radiates a total ofNne

53.031057, Nn̄e
52.131057 and Nnx

55.231057 neutrinos. The time integral of the neutrino flu
at Earthf i(k) for a neutrino of energyk is

f i~k!5
1

4pd2

Ni

2Ti
3k2e2k/Ti, ~5!
5-2
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for i 5ne , n̄e , or nx .
Microscopic simulations of supernovae suggest that eq

partition of energy may be good only to'25%. Further-
more, there is important uncertainty in thenx spectrum, with
estimates ofTnx

ranging from'6 to 8 MeV. It is an impor-

tant goal of elastic-scattering detectors to measureTnx
.

Therefore, the predictions of our supernova spectrum h
significant uncertainties. Nevertheless, this simple mo
should provide order-of-magnitude estimates and may al
easy comparisons to other calculations.

The yield of recoiling nuclei with energyE and massM is

Y~E!52pNtS i 5ne ,n̄e ,nx
E

0

`

dkf i~k!

3E
21

1

d cosudS E2
Q2

2M D ds

dV
, ~6!

whereNt is the total number of target atoms. For our Bolt
mann spectra this integral is simple:

FIG. 1. Yield versus recoil kinetic energyE. The solid curves
are for noble targets of4He, 20Ne, 40Ar, 84Kr and 132Xe as indi-
cated; the dashed curve is for12C. Finally the dotted curve, only
shown for 20Ne, assumes a reducednx temperature ofTnx

55 MeV.
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Qw
2

4
MF2~2ME!S Nt

4pd2DS i 5ne ,n̄e ,nx

3Ni~ t i11!e2t i, ~7!

with t i5@ME/(2Ti
2)#1/2. For large recoil energyE, Y(E) is

proportional to

Y~E!→F2~2ME!e2(M /2Tnx

2 )1/2E1/2
. ~8!

For light nuclei the high-energy tail continues to hundreds
keV and is produced by the scattering of very-high-ene
nx . However, for heavier nuclei the tail is sharply reduc
by the nuclear form factor.

We consider first noble-liquid detectors from4He to
132Xe and then a range of other detectors in order of incre
ing mass numberA from 12C to 208Pb. The yieldY(E) from
Eq. ~7! is shown in Fig. 1 for detectors made of4He, 20Ne,
40Ar, 84Kr, and 132Xe. We do not mean to imply that detec
tors would be feasible with all of these liquids. However, w
show these nuclei to illustrate how the yield depends onA
for a broad range ofA. The spectra in Fig. 1 are peaked
low recoil energyE. IncreasingA raises the cross sectio
because coherent scattering is proportional toN2. Thus at
low energiesY(E) increases significantly withA. However,
asA increases the spectrum is strongly shifted to lower
ergies by the form factor and the large target mass. The
ergy integral ofY(E), or total yield, is given in Table I in
events per ton of detector. Also listed are events abov
threshold of 5, 10, 25, or 50 keV. Finally, the average rec
energy of the nuclei is given. This average is influenced b
small number of events at high energies, while the spect
is peaked at low energies.

The optimal choice ofA may involve a trade-off between
the cross section, which favors highA, and the recoil energy
which favors smallA. This choice may depend on the attai
able threshold. Furthermore, the choice of target material
pends on a host of other practical considerations, includ
the presence of possible backgrounds from radioactive
listed
TABLE I. Yield in events per ton for a supernova at 10 kpc assuming different target materials. Also
is the number of events above thresholds of 5, 10, 25 or 50 keV. Finally the average recoil energy^E& is
given.

Target Y Y.5 keV Y.10 keV Y.25 keV Y.50 keV
^E&

~keV!

4He 0.85 0.82 0.79 0.72 0.62 240
12C 2.5 2.2 2.0 1.6 1.1 83

20Ne 4.0 3.3 2.9 2.0 1.2 46
28Si 5.5 4.2 3.4 2.1 1.1 31
40Ar 9.4 6.6 5.0 2.5 0.99 21
76Ge 18.6 9.6 5.8 1.7 0.30 9.5
84Kr 19.8 9.5 5.5 1.4 0.20 8.4

114Cd 26.3 9.7 4.6 0.70 0.041 5.7
130Te 31.8 10.1 4.3 0.47 0.014 4.8
132Xe 31.1 9.8 4.1 0.43 0.012 4.8
208Pb 47.5 7.3 1.7 0.022 0.001 2.6
5-3
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has high recoil energies. We find a total yield in Table I
0.85 events per ton. Helium-based solar-neutrino detec
include HERON@24# and TPC@25# ~or HELLAZ @26#!.

Perhaps nuclei nearA540 give a reasonable balance b
tween the cross section and the recoil energy. However
may have backgrounds from radioactive39Ar and 42Ar,
while Kr may have backgrounds from85Kr. Xenon is being
used in several dark-matter, double-beta decay and s
neutrino detectors, including XMASS@27#, XENON @28#
and ZEPLIN@29#. The total yield is very large, 31 events p
ton. However, because132Xe is heavy, there is a strong pre
mium on obtaining a low threshold. Background from then
double-beta decay of136Xe should not be a problem for
supernova detector.

Above a threshold of 25 keV the yield is a relatively slo
function ofA. Therefore one may have considerable freed
in the choice of target material. We consider the CLEA
liquid-Ne solar-neutrino detector@13# at some length. The
total yield of 3.99 events per ton is dominated by 3.08nx

events with only 0.38ne and 0.53n̄e events. One is very
sensitive to thenx spectrum. For example, if thenx tempera-
ture is not the expected 8 MeV but instead is near that fon̄e
Tx55 MeV, the spectrum in Fig. 1 is greatly changed. Th
verifies that the recoil spectrum contains direct informat
on thenx energies. A Monte Carlo simulation of backgroun
in CLEAN is presented in Sec. III.

We now consider a number of other targets. Detect
based on organic scintillator such as Borexino and Ka
LAND @30,7# have a yield of 2.50 events per ton of12C, see
Table I. With any carbon-based detector there will be ba
grounds from14C. Borexino should have a ratio14C/ 12C of
the order 10218 @30#. At a concentration of 10218 there will
be about two14C decays per ton during the 10 sec of
supernova neutrino burst. This is comparable to the num
of elastic recoils. However, the14C background should hav
a different spectrum and can be well measured at other tim
Therefore, this background may not prevent the use of
bon as a supernova detector, even if it does prevent the
servation of pp solar neutrinos. Quenching may be a ser
problem for organic scintillator. The amount of light pro
duced from recoiling C ions may be much less than that
recoiling electrons@8#.

An organic scintillator will also have events from
neutrino-proton elastic scattering@8#. We estimate a yield of
about 0.33 events per ton of CH2. Because of the light pro
ton mass these events will have a larger recoil energy.
proton elastic-scattering cross section has a theoretical un
tainty of 10% to 20% from possible strange quark contrib
tions to the nucleon’s axial current and spin@31#. It would be
very useful to have better laboratory measurements
neutrino-proton elastic scattering. In contrast, strange qu
are not expected to make significant contributions for sup
nova neutrino-nucleus elastic scattering. Indeed, there is
most no theoretical uncertainty in the neutrino-nucleus e
tic cross sections.

Silicon detectors such as those described in@4# have a
yield of 5.5 events per ton and the recoil spectrum is sho
in Fig. 2, while 76Ge detectors have a yield of 18.6 even
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per ton and an average recoil energy of 9.5 keV. The dou
beta decay experiment Majorana@17# is proposed to have a
500 kg mass, while Genius@18# has a proposed mass of on
ton. These detectors should have very low backgrounds
low thresholds. Therefore they should be sensitive to a
pernova at 10 kpc. It is remarkable that such small tar
masses can yield statistics for our own galaxy comparabl
those for the historic IMB and Kamiokande signals from S
1987A in the Large Magellanic Cloud.

Finally, 114Cd, 130Te and208Pb yields are listed in Table I
The yield and spectrum for130Te is very close to132Xe ~see
Figs. 1 and 2! since they both have 78 neutrons. The hea
nucleus208Pb has a very large yield of 47.5 events per to
However, the average recoil energy is only 2.6 keV. Ba
grounds and the need for a very low threshold may mak
Pb detector very difficult to build.

The nuclei in Figs. 1 and 2 display a range of recoil sp
tra. For point nuclei there would be a single universal sp
tral shape, with the recoil energy decreasing and the y
increasing with increasingA. However, the different nuclea
form factors modify the spectra for heavy nuclei.

Finally, we provide a simple formula to extrapolate th
yields in Table I to nearby isotopes. If one ignores sm
changes in the form factors of nearby nuclei, then the yi
will be approximately proportional to the square of an effe
tive weak charge,Qe f f ,

Qe f f
2 5dA,odd3ga

21QW
2 , ~9!

with QW from Eq. ~2!, anddA,odd51 for odd A nuclei and
dA,odd50 for evenA nuclei. This factor takes into accoun
the axial current of the last nucleon withga51.26. Because
this term adds in quadrature withQW

2 , it makes a very small
contribution, except for very light systems such as t
proton.1 For example, using Eq.~9! we find that 21Ne and
22Ne have cross sections, respectively, 1.29 and 1.48 ti
that of 20Ne. Natural Ne is 0.3%21Ne and 8.8%22Ne so this
will lead to a slight increase in yield over that for pure20Ne.

1We ignore the slightly different angular distribution of this term

FIG. 2. Yield versus recoil kinetic energyE. The solid curves
are for targets of28Si and 208Pb; the dashed curve is for114Cd; the
dotted curve is for76Ge; and the dot-dashed curve is for130Te.
5-4
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III. THE CLEAN DETECTOR

CLEAN, a detector concept based on liquid Ne, w
originally proposed for the detection of low-energy so
neutrinos. It will also have high sensitivity to weakly inte
acting massive particles~WIMP!. Liquid neon has a high
scintillation yield, has no long-lived radioactive isotopes, a
can be easily purified using cold traps. In addition, neon
inexpensive, dense, and transparent to its own scintilla
light, making it practical for use in a large self-shieldin
apparatus. Here we consider a CLEAN detector in whic
stainless steel tank holds 200 tons of liquid neon, half
which is exposed to a wavelength shifter to convert the
traviolet light to the visible. Inside the tank and suspended
the liquid neon are several thousand photomultipliers. A d
gram of the proposed CLEAN design is shown in Fig. 3.

CLEAN will also be sensitive to supernova neutrinos, d
tected through neutrino-nuclear scattering. In this case
entire active neon mass inside the wavelength shifter ca
used, with a possible modest fiducial volume cut to red
radioactive backgrounds.

Of prime importance for determining the sensitivity
CLEAN to neutrino-nuclear scattering is the determinat
of the light yield of liquid neon for nuclear recoils. Becau
the density of excitation in the scintillator is typically high
for nuclear recoils than for electron recoils, the chemica
excited species are more likely to interact, increasing
likelihood that energy will be lost through mechanisms th
do not produce light. This quality is often expressed a
‘‘quenching factor,’’ the ratio of light emitted for a nuclea
recoil to the light emitted from an electron recoil, per un
deposition energy. While the quenching factor for liqu
neon has not yet been measured, we expect it to be simil
magnitude to the quenching factor measured for liquid
non. Recent~and widely disagreeing! measurements of th
liquid xenon quenching factor@32,33# are 22% and 43%. The
amount of quenching for liquid neon should be less than
for liquid xenon, as the density~1.2! of liquid neon is less

FIG. 3. Diagram of CLEAN.
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than that of liquid xenon, while the scintillation mechanis
in liquid neon is qualitatively similar. For the following
simulations, we assume that the quenching factor for liq
neon is 0.25. Clearly the scintillation quenching factor
liquid neon would have to be accurately measured in orde
properly interpret any supernova data.

As for all neutrino detectors, a prime design considerat
in CLEAN is the reduction of radioactive backgrounds. W
expect that any radioactive species suspended in the li
neon will be removed by passing the neon through charc
or similar adsorbant; however, there will remain a high ra
of gamma rays entering the liquid neon after being emit
by the surrounding photomultipliers, photomultiplier suppo
structure, wavelength shifter, and stainless steel tank con
ing the liquid neon.

Figure 4 shows the expected supernova neutrino re
spectrum for a CLEAN detector with 100 tons of active li
uid neon, assuming 3750 scintillation photons per Me
100% efficiency for the wavelength shifter, photomultipli
coverage of 75%, and a photomultiplier quantum efficien
of 15%. Also shown is the expected radioactive backgrou
for 10 sec of observing time, assuming that the combin
gamma and x-ray emission is dominated by the photomu
plier glass and the wavelength shifter substrate. The sim
tion assumes photomultipliers 20 cm in diameter, each w
mass 650 g, with 30 ng per g of U and Th and 60mg per g
of K in the glass. The wavelength shifter is assumed to
evaporated on quartz wafers of 1 mm thickness, with a U and
Th concentration of 1 ng per g. From 104 sec of simulated
data, we find a background of 6268 events in 10 sec within
the energy range of 0 to 200 keV. Here the uncertainty c
responds to the61-sigma interval for a particular 10-se
observation. Since liquid neon has no long-lived radioact
isotopes that would limit its practical threshold, the CLEA
detector could conceivably trigger on as few as two pho
electrons. The accidental coincidence rate in CLEAN will
low, as the photomultiplier dark count rate will be suppress
at liquid-neon temperature~27 K!. Thus we expect that the

FIG. 4. Yield for full a 100 ton fiducial mass of CLEAN versu
recoil kinetic energyE. The solid curve is the expected superno
signal assuming a distance of 10 kpc and anx temperatureTnx

58 MeV. The dashed curve assumesTnx
56 MeV. Finally, the

thick curve is the predicted background from the Monte Carlo sim
lation assuming an observing time of 10 sec.
5-5
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full 100 tons of liquid neon could be viewed with a thresho
of 2 photoelectrons, equivalent to a recoil energy of abou
keV. The expected 62 background events is smaller than
expected supernova signal of 330 Ne elastic events abo
keV in 100 tons.

The radioactive backgrounds, while small in comparis
to the supernova signal, can be lowered further through
sition resolution, since most gamma rays will deposit th
energy in the outer edges of the liquid neon sphere. Rece
Monte Carlo simulations have shown that the location
ionizing radiation events in CLEAN can be determined
analyzing the pattern of photomultiplier hits. These simu
tions are described in detail in an upcoming publication@34#.
Here we show only some results relevant to supernova n
trino detection. We find that a mild fiducial radius cut, lea
ing a mass of 70 tons, virtually eliminates gamma-ray ba
ground for the purposes of supernova neutrino detec
~only 2.661.6 events in the fiducial volume in 10 sec!. These
results are shown in Fig. 5. In the case of a fiducial volu
cut, detecting a few more photoelectrons will improve t
convergence of the position resolution algorithm. Curren
we can analyze events that produce as few as 8 photo
trons~recoil energy of 21 keV! if position cuts are applied. In
general, as the position cut is increased or the numbe
photoelectrons is reduced, algorithm convergence shoul
carefully checked. The expected 2.6 background events
much smaller than the expected supernova signal of 140
events above 21 keV in 70 tons.

The signal-to-noise ratio reported here, though alre
quite large, might be significantly improved by the develo
ment of photomultipliers with lower inherent radioactivit
Such photomultipliers are under investigation by the CLEA
and XENON Collaborations. In addition, plans are bei
made to measure the quenching factor for nuclear recoil
liquid neon, as this measurement is important for the de
mination of the sensitivity of CLEAN to WIMP particles, a
well as for supernova neutrinos.

A great advantage of elastic detectors is their energy

FIG. 5. Yield for 70 ton fiducial mass of CLEAN versus reco
kinetic energyE. The solid curve is the expected supernova sig
assuming a distance of 10 kpc and anx temperatureTnx

58 MeV.
The dashed curve assumesTnx

56 MeV. Finally, the thick curve is
the predicted background from the Monte Carlo simulation ass
ing an observing time of 10 sec.
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formation from the nuclear recoils. The recoil spectra
Figs. 4 and 5 show a large difference betweennx tempera-
tures of 6 and 8 MeV. This verifies the large sensitivity tonx
energies. We now speculate on how well CLEAN could me
sure thenx spectrum.

The large number of events,'330, relatively low back-
ground and low threshold, 5 keV, in Fig. 4 suggests t
CLEAN could determine a single parameter with a statisti
accuracy of almost 5%. For example, the background rat
Fig. 4 of 62 events in 10 sec will be well measured at oth
times. Therefore, it will only contribute a statistical unce
tainty of 6621/2'8 events or 2% which is negligible.

Perhaps one is most interested in trying to extract t
parameters: information on thenx flux and information on
the nx spectrum. Clearly the error in extracting two param
eters will be larger then that for a single parameter. Nev
theless, the large number of events in Fig. 4 and the str
dependence of the recoil spectrum onTnx

suggests thatTnx

can still be extracted well, perhaps with an error of 10%
20%. Furthermore, other ‘‘energy blind’’ neutral current d
tectors such as SNO and Super-K could provide additio
information to help fix thenx flux. These detectors observ
nx via deuteron breakup or16O excitation without direct in-
formation onTnx

. Of course, when combining detectors o
needs to worry about different systematic errors.

We have not yet performed detailed fits to determine h
well Tnx

can be extracted. There are a number of uncerta
ties. Changes in the supernova distance or achievable thr
old will impact the statistics. Furthermore, if the backgrou
is much larger than shown in Fig. 4 one may need to m
position cuts, such as in Fig. 5, further reducing statist
The supernova spectrum need not be thermal. Perhaps
best to fit for an averagenx energy instead of a temperatur
The relatively low threshold, 5 keV, in Fig. 4 may simplif
the determination of an average energy. Finally, there
contributions fromn̄e and ne . We assume that then̄e flux
and spectrum will be measured in Super-K, allowing its co
tribution to be accurately determined. We also expect thene
contribution to be small because of its low temperatu
Note, Figs. 4 and 5 show the effects of changing justTnx

while keepingTn̄e
andTne

fixed.
For a supernova at 10 kpc, CLEAN should be able

easily distinguish ifTnx
is close to 8 MeV, as expected i

some original simulations, or ifTnx
is close to 5 MeV, which

is expected forTn̄e
. This will show if the n̄e spectrum can

contain any realistic information onn̄x→ n̄e oscillations. Fur-
thermore, it may be crucial in using thene spectrum to ex-
tract quantitative information onnx→ne oscillations.

IV. CONCLUSIONS

Detectors with reduced radioactive backgrounds may
able to study supernovae via neutrino-nucleus elastic sca
ing. This could provide important information on the flu
and spectrum ofnx (nm andnt). Elastic-scattering detector
could see a few or more events per ton for a supernova a

l

-

5-6



o
o
le
rin
ie
in
e
v

il
at

to
a

ass.
.
on

ve
Fur-
l-

ey
ort
nt
en-

SUPERNOVA OBSERVATION VIA NEUTRINO-NUCLEUS . . . PHYSICAL REVIEW D 68, 023005 ~2003!
kpc. This is 20 or more times the number of events per ton
existing water detectors. The CLEAN experiment, based
the detection of scintillation in liquid Ne, is a prime examp
of a detector that would be sensitive to the elastic scatte
of supernova neutrinos. Its active mass of 100 tons may y
almost 400nx events. In addition, many other detectors,
cluding the largest dark-matter and double-beta decay
periments, may also be sensitive to supernova neutrinos
elastic scattering.

Observation of neutrino-nuclear elastic scattering w
complement supernova signals from other detectors. W
detectors such as SNO or Super-K will detectnx without nx
spectral information. This energy information could be im
portant for neutrino oscillations. KamLAND may be able
measuren-p elastic scattering. This contains energy inform
tion just like n-A scattering. The small cross section forn-p
y

D

ka

io
ew
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scattering may be compensated by a large detector m
This may yield only slightly smaller statistics than CLEAN
We strongly encourage development of detectors based
both n-p and n-A elastic scattering since they may ha
different backgrounds, thresholds, and systematic errors.
thermore, the very largen2A elastic cross sections may a
low even larger statistics in future detectors.
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